Probing temperature gradients within the GaN buffer layer of AlGaN/GaN high electron mobility transistors with Raman thermography C. Hodges We demonstrate the ability of confocal Raman thermography using a spatial filter and azimuthal polarization to probe vertical temperature gradients within the GaN buffer layer of operating AlGaN/GaN high electron mobility transistors. Temperature gradients in the GaN layer are measured by using offset focal planes to minimize the contribution from different regions of the GaN buffer. The measured temperature gradient is in good agreement with a thermal simulation treating the GaN thermal conductivity as homogeneous throughout the layer and including a low thermal conductivity nucleation layer to model the heat flow between the buffer and substrate. AlGaN/GaN high electron mobility transistors (HEMTs) are a promising technology for applications in the next generation of both power conversion electronics and radio frequency amplifiers, due to their ability to operate at higher voltage and power density, and at higher operating temperatures than other technologies, such as silicon or gallium arsenide. There are however still challenges to overcome in optimizing the reliability of GaN-based devices. As some of the degradation mechanisms in AlGaN/GaN HEMTs are thermally-accelerated, [1] [2] [3] it is desirable to obtain accurate and spatially resolved thermal information from an operating device. With the aim of increasing the power density possible with those devices, there has been a drive to exploit GaN devices on higher and higher thermal conductivity substrates, mostly on SiC and recently on diamond substrates. 4 Increasing the substrate thermal conductivity to optimize thermal management makes the GaN epilayer thermal conductivity, and gradients in the GaN thermal conductivity, related to variations in dislocation density through the GaN layer, into key questions to consider in device thermal modeling.
Micro-Raman thermography is an established technique 5, 6 for probing the temperature of semiconductor materials in operating devices, on a sub-micron scale. 7 This technique measures the change in peak position of a phonon mode in a crystalline material as a function of temperature, 8 and is used to probe the temperature of both epilayers and substrates. Typically, the change in peak position from pinched-off to on state is used in AlGaN/GaN HEMTs, and the peak position is calibrated by means of backplate heating of an unpowered device. A below-bandgap laser is typically used, such as a visible laser for measurements on GaN-based devices, as the laser light will not be absorbed leading to minimal sample heating. Incident laser powers are typically less than 10 mW. In HEMTs, self-heating is highly localized next to the gate contact, and while the lateral spatial resolution of Raman thermography at the sample surface is typically as low as 0.5 lm, 9 the axial resolution is typically 2 lm or more, which is often greater than the typical GaN buffer thickness. Simulations are commonly employed to extract the peak temperature from the experimentally obtained volume averaged measured temperature, 10, 11 assuming a thermal boundary resistance (TBR), such as at the GaN-SiC interface 12, 13 and typically a homogeneous GaN thermal conductivity, neglecting that defect density varies through the GaN layer thickness. Photoluminescence (PL) spectroscopy has also been used in combination with Raman thermography to provide a surface-specific probe of the GaN channel peak temperature, 14 however PL has typically a worse lateral spatial resolution than Raman thermography, and can cause device heating as the laser light is absorbed at the GaN surface. The higher the thermal conductivity of the substrate, the larger the temperature gradient in the GaN layer becomes, assuming the same interface to the substrate, making a direct measurement of the temperatures of the top and bottom of the GaN buffer layer in an AlGaN/GaN HEMT desirable.
In this work, the confocal performance of a microRaman system is optimized, and spectra are acquired from focal planes offset from the sample surface, in order to extract the temperature of the top and bottom of the GaN buffer.
II. THEORY
Refraction and diffraction impose the limit on the axial resolution achievable in optical microscopy and therefore in Raman thermography, in particular, in high refractive index materials, such as GaN. As this axial resolution limit is comparable with the typical thickness of the GaN buffer layer in the devices and therefore an average GaN layer temperature is measured, to obtain more information on the thermal gradient within the GaN, it is necessary to improve the optical axial resolution currently possible with Raman thermography. While this is possible taking advantage of the material selectivity of Raman thermography in certain devices, 15 where a nanometer thin GaN channel is embedded into AlGaN, 16 it is desirable to develop a method applicable to standard AlGaN/GaN HEMTs with thicker GaN buffer layers.
Micro-Raman thermography commonly uses the back scattering configuration with a laser beam incident to the normal of the sample surface, which gives the best lateral resolution and allows easy access to the entire device region. When a confocal pinhole or equivalent 17 is used, the system can be regarded as a confocal microscope system, and the diffraction limit results in a full width half maximum (FWHM) axial resolution of
where k is the laser wavelength, n is the refractive index at the laser focus, NA is the numerical aperture of the objective, and PH is the object-space diameter of the confocal pinhole, as illustrated in Figure 1 . In air, where n ¼ 1, using an objective of NA ¼ 0.75 and a 488 nm laser, the axial resolution FWHM is 1.45 lm, but in GaN with its refractive index of 2.3, the diffraction limit increases to 3.49 lm which can be larger than the typical GaN layer thickness in GaN electronic devices, so that considering the material selectivity of Raman thermography the average of the GaN layer temperature is probed. For comparison, without the additional spatial filter, the axial resolution of a typical Raman system, while variable, cannot be less than 2.0 lm in air.
In addition to diffraction, spherical aberration due to refraction at the sample surface must also be considered. This increases the diffraction limited spot size, as given in Eq. (1), when the laser is focused below the surface of a high refractive index sample, such as a GaN epilayer. This spherical aberration arises because rays from different radii within the incident laser beam encounter the sample surface at different angles, and after refraction are focused onto different planes. To consider the light intensity as a function of depth inside the high refractive index material, we consider in the following a laser with a lateral Gaussian distribution of intensity, I(m), given by
where m is the normalized radius of a ray within the beam, with m ¼ 0 a ray normal to the surface, and m ¼ 1 for a marginal ray as illustrated in Figure 2 , I 0 is the maximum intensity in the beam (the on-axis intensity), and / is a fill factor which is equal to 1 if the objective is optimally filled, i.e., if the 1/e 2 beam diameter is equal to the objective back aperture diameter. The focal plane can now be considered as a focal volume with a "center of gravity" given by 
where z m is the depth inside the GaN to which a ray passing through the objective aperture at normalized radius m is focused, given by
with D the depth to which the laser would focus inside the sample, if the sample had refractive index 1, as shown in Figure 2 . A higher numerical aperture objective, which may be chosen to minimize the diffraction-limited axial spot size, therefore has the effect of increasing the spherical aberration and therefore leads to a larger increase in the axial dimension of the laser focus with respect to the optimal axial resolution given in Eq. (1). For small values of D, the diffraction limit, which is constant with depth, dominates, but as D increases the increasing spherical aberration becomes the major contributor to the axial spot size. Spherical aberration does not result in a Gaussian or even a symmetrical laser light intensity distribution, however when the effects of diffraction and spherical aberration are comparable, their combined effect on the axial intensity profile can be treated as Gaussian to a good approximation. Figure 3 shows the calculated laser light intensity distribution for foci in air (1 lm above the sample surface, ignoring the presence of the sample) and inside the sample. The focus in air is diffraction limited, with a FWHM given by Eq. (1) of 1.5 lm. A sample offset by D ¼ 2 lm from a focus at the surface results in a Gaussian distribution with a FWHM of 3.5 lm considering only the diffraction limit. The effect of the refraction given in Eq. (4) is to offset the focus into the sample to 5.85 lm and increase the FWHM to 4.6 lm. Considering the tails of the laser intensity, it is therefore possible to provide optical information weighted to the surface of a GaN layer and deeper inside this layer, as the basis for providing Raman spectra weighted to the top and bottom of a GaN buffer in the AlGaN/GaN devices, using a laser focused above or below the surface of the sample.
III. EXPERIMENTAL DETAILS
Raman thermography measurements were carried out on an AlGaN/GaN HEMT on a SiC substrate using a Renishaw inVia micro-Raman system, operating at 488 nm using an Ar-ion laser as excitation source. The power at the sample was less than 50 mW, and the laser wavelength was below the bandgap of the GaN and substrate, so absorption and laser heating were negligible. Between the Raman system and the microscope, a spatial filter was added, consisting of a pair of identical achromatic lenses with focal length 35 mm, and a pinhole of 5 lm diameter, gold coated to reduce background in the Raman spectrum, as illustrated in Figure 1 . When a ray from a laser beam is refracted at the surface of an optically anisotropic material, such as GaN and SiC, the refractive index, it experiences, depends on the angle of its polarization with respect to the optic axis of the crystal, further broadening the focus. 20 Removal of the effect of birefringence was achieved by the use of azimuthally polarized light that is by producing a beam in which the polarization direction is at all points normal to the beam axis (and therefore the optical axis of the GaN). A polarization converter, consisting of a spatially varying wave plate, was used to convert the linear polarization from the laser into azimuthal polarization at the sample, by rotating the polarization of segments of the beam through varying amounts. 21 The objective lens used was a Zeiss LD Plan-Neofluar 63Â with a numerical aperture of 0.75.
The GaN HEMTs measured consisted of a 25 nm Al 0.28 Ga 0.72 N barrier on a 1.9 lm GaN buffer on a SiC substrate. The source-drain spacing was 4 lm, with a 0.6 lm gate 2.4 lm from the drain, and the device width was 50 lm. The devices were operated under DC bias to 30 V in on state at zero source-gate bias, and in pinched off-state, a source-gate bias of À6 V was applied. The backplate temperature at the back of the SiC substrate was fixed at 25 C. Raman spectra were collected by scanning the microscope stage in the axial dimension, z, in increments of 0.5 lm or 1 lm, from a focus above the device surface into the GaN buffer layer and the substrate. The device structure is shown in the inset to Figure 1 . Raman spectra were collected with the devices operated both in on-state and pinched off to consider potential strain variations through the GaN layer. 7 The device temperature was simulated using Thermal Analysis System (TAS) finite difference software 10 using thermal conductivities of the GaN (160 Wm ) similar to Refs. 9 and 22. The TBR between the GaN and the SiC was adjusted to fit the experimental data. TBR contains the low thermal conductivity of the AlN nucleation layer, commonly present between the GaN and the SiC substrate, and impacts from the very high defect density GaN just near the AlN nucleation layer.
IV. RESULTS AND DISCUSSION
Figure 4(a) shows the measured and simulated temperatures as a function of depth 0.6 lm from the drain side of the gate contact of a HEMT, where peak heat dissipation occurs, 9 from the top GaN surface into the SiC substrate. To enable measurement of temperature of the top and the bottom of the GaN layer from the curves in Figure 3 , spectra weighted towards the top and bottom of the GaN buffer were obtained by offsetting the sample surface from the focus as formed at the sample surface, by 1 lm into the air, or 2 lm into the sample, which correspond to the two data points indicated.
Compared with standard Raman thermography, therefore not only the average temperature of the GaN layer but the temperature gradient inside the GaN can be directly FIG. 3 . Laser intensity as function of depth in the sample, determined from modeling, with the laser above the sample surface (black solid line), and, for a sample movement of D ¼ 2 lm from a focus at the sample surface to inside the material, considering only diffraction (blue dotted line) and only refraction (green dashed-dotted line). The red dashed curve shows the combined Gaussian response approximation used in analyzing the simulated data. The wavelength used was 488 nm, the objective NA was 0.75 (focal length f ¼ 2.62 mm), the sample refractive index was n ¼ 2.3, and the confocal pinhole was 5 lm.
measured. Also, apparent in Figure 4 (a) is the temperature drop from the bottom of the GaN buffer layer in the AlGaN/GaN HEMT to the SiC illustrating the presence of a TBR at this interface.
A simulation was fitted to the experimental data and is illustrated in Figure 4 (a). The good agreement between the experimental data and the simulation, which used a homogeneous GaN thermal conductivity, is a clear indication that it is reasonable to treat GaN as having a single thermal conductivity throughout its depth in a thermal device simulation. This is despite the gradient in defect density through the GaN layer thickness. A TBR across the GaN-SiC interface of 1 Â 10 À8 m 2 K W À1 resulted in good agreement with the experimental data. This contains contributions from phonon mismatch between GaN and the AlN nucleation layer and the nucleation layer and SiC substrate; however, the main contributions arise from the low thermal conductivity of the high defect density AlN and the high defect density GaN very near to this interface. 12, 22, 23 This is limited to a very narrow region around the GaN-AlN interface consistent with transmission electron microscopy data 12 making it possible to treat the remainder of the GaN buffer layer as material of homogeneous thermal properties to a first approximation. The value for the TBR used here is consistent with what been reported in Ref. 12 .
Obviously, also for those two measured data points, axial averaging of temperature needs to be considered which was taken into account in Figure 4(a) , and is discussed in the following in more detail using Figure 4(b) . We consider in the following the two experimental data points in Figure  4 (a), the one from near the top surface and one from near the bottom surface of the GaN buffer layer, marked in Figure 4 by "Top" and "Bottom". Indicated in Figure 4(b) is the extent of the focal volume for these points determined from Eqs. (1) and (4) illustrating that only the bottom and top part of the GaN buffer layer are probed in this measurement. When comparing with the simulated thermal device data, the simulated vertical temperature gradient through the GaN layer, shown in Figure 4(a) , was therefore weight averaged to consider the three-dimensional distribution of the light intensity. The distinct difference in temperature between the top and the bottom of the GaN is due to the heat generated near the gate contact at the GaN top surface, or more exactly at the interface between the GaN buffer and AlGaN barrier, as illustrated in the inset of Figure 1 with heat extracted from the device through the GaN-SiC interface and the SiC substrate to a heat sink at the back of the SiC substrate. The temperature gradient inside the GaN layer can therefore clearly be also measured directly rather than just taken from a thermal simulation, also providing a further handle to refine thermal simulations to improve their accuracy.
V. CONCLUSIONS
Using Raman thermography taking advantage of a spatial filter and a spatially varying waveplate enabled experimental determination of the vertical temperature gradient inside a 1.9 lm GaN buffer in an operating AlGaN/GaN HEMT on a SiC substrate. The temperatures measured agreed well with a simulation, considering a homogeneous thermal conductivity of the GaN, and agreed with previous thermal boundary resistance values reported for the GaNSiC interface. This new experimental method provides a direct measure of the elevated temperature of the GaN surface in AlGaN/GaN HEMTs and the vertical temperature gradient through the GaN device layer. It furthermore enables thermal simulations to be refined by fitting to improved experimental temperature data in AlGaN/GaN HEMTs. (3)) focus depth. Open black symbols indicate temperatures extracted from simulations using physically realistic weighted averaging, dashed ellipses indicate the 1/e 2 size of the Gaussian volume over which the measurement averages temperature and the simulation data was averaged to compare with the experimental data.
